We present a density functional theory study of the carrier-density and strain dependence of magnetic order in two-dimensional (2D) MAX 3 (M= V, Cr, Mn, Fe, Co, Ni; A= Si, Ge, Sn, and X= S, Se, Te) transition metal trichalcogenides. Our ab initio calculations show that this class of compounds includes wide and narrow gap semiconductors and metals and half-metals, and that most of these compounds are magnetic. Although antiferromagnetic order is most common, ferromagnetism is predicted in MSiSe 3 for M= Mn, Ni, in MSiTe 3 for M= V, Ni, in MnGeSe 3 , in MGeTe 3 for M=Cr, Mn, Ni, in FeSnS 3 , and in MSnTe 3 for M= V, Mn, Fe. Among these compounds CrGeTe 3 and VSnTe 3 are ferromagnetic semiconductors. Our calculations suggest that the competition between antiferromagnetic and ferromagnetic order can be substantially altered by strain engineering, and in the semiconductor case also by gating. The associated critical temperatures can be substantially enhanced by means of carrier doping and strains.
I. INTRODUCTION
Recently interest in 2D materials research has expanded beyond graphene 1, 2 to include other layered van der Waals materials. 3 For example ultrathin transition metal dichalcogenides (TMDC), 4 a family that includes metals, semiconductors with exceptionally strong light-matter coupling, 5 charge density waves, and superconductors, [6] [7] [8] [9] have emerged as a major research focus. Two-dimensional (2D) materials with room-temperature magnetic order are of particular interest because they appear to be potentially attractive hosts for nonvolatile information storage and logic devices. Unfortunately single-layer magnetism has so far been realized only in relatively fragile 2D materials, [10] [11] [12] [13] and no 2D materials have yet been discovered that exhibit room-temperature magnetism.
Recent density functional theory (DFT) studies have proposed several potentially magnetic single-layer van der Waals materials, including the group-V based dichalcogenides VX 2 (X= S, Se), 14, 15 FeBr 3 , chromium based ternary tritellurides CrSiTe 3 and CrGeTe 3 , 12, [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] and MnPX 3 ternary chalcogenides. 37, 38 Separately the CrATe 3 (A= Si, Ge) 17 ternary tritellurides have been predicted by local density approximation (LDA) density functional theory (DFT) calculations to be ferromagnetic semiconductors with small band gaps of 0.04 and 0.06 eV respectively. The few layer limits of these materials have been studied experimentally by performing temperature dependent transport 18 , and neutron scattering experiments, and these have been interpreted as providing suggestions of 2D magnetism. 19 In its single layer limit CrSiTe 3 is found to be a semiconductor with a generalized gradient approximation (GGA) gap of 0.4 eV, 20 substantially larger than its bulk value, and to have negative thermal expansion. 21 Dif-ferent authors have reached various conclusions concerning the relative stability between ferromagnetic 17, 20, 21 and antiferromagnetic phases, 22 reflecting a relatively small total energy differences between the energies of the two magnetic phases. For compounds like CrGeTe 3 and CrSnTe 3 involving larger atomic number Ge and Sn atoms, DFT predicts ferromagnetic semiconducting phases with Curie temperatures between 80-170K. 18, 22, 23 Among non-chalcogenide compounds the CrX 3 (X= F, Cl, Br, I) 35, 36 trihalides are expected to be ferromagnetic semiconductors, with Curie temperatures T C < 100 K. A Recent breakthrough experiment has realized CrI 3 based devices in ultrathin layered form and demonstrated an intricate competition between ferromagnetic (FM) and antiferromagnetic (AFM) states as a function of layer number and external fields 11 .
In this paper we present an exhaustive DFT survey of the magnetic phases of single-layer transition metal trichalcogenide compounds of the MAX 3 family. Our survey covers a variety of late 3d transition metals (M= V, Cr, Mn, Fe, Co, Ni), the group IV elements (A= Si, Ge, Sn), and the three chalcogen atoms (X= S, Se, Te). These single-layer compounds are structurally closely related to their transition metal trichalcogenide MPX 3 compound cousins, which we studied in a recent work 40 . The main difference between MAX 3 compounds and MPX 3 compounds is that the group V phosphorus (P) atom inside the (P 2 X 6 ) 4− skeleton is replaced by (A 2 X 6 ) 6− bipyramid ions with X = (S, Se, Te) group IV elements. We find that this change is responsible for important modifications in the resulting electronic and magnetic properties. We have examined how the electronic structures are modified when the magnetic phases changes from antiferromagnetic to ferromagnetic, or from magnetic to non-magnetic, when we modify the electron carrier density, and when strains are applied. Our results indicate a strong interdependence between magnetism and structural properties in MAX 3 compounds due to a surprisingly strong dependence of exchange interaction strengths on electron densities and strains. Because these materials involve transition metals and therefore have strong correlations, we do not expect quantitatively reliable predictions of density functional theory for all properties. Our goal with this survey is to provide insight into expected materials-property trends, and to examine the possibility of engineering magnetic properties in these materials using field effects and strains.
Our paper is structured as follows. We begin in Sec. II with a summary of some technical details of our first principles electronic structure calculations. In Sec. III we discuss our results for ground-state properties including structure, magnetic properties, and electronic band structures and densities-of-states. Sec. IV is devoted to an analysis of the carrier-density dependence of the magnetic ground states, and to the influence of strains on the magnetic phase diagram. Finally in Sec. V we present a summary and discussion of our results. 3 compounds. The MAX 3 compounds have one less occupied band than MPX 3 compounds because instead of the P atom pairs per unit cell we have group IV atoms (Si, Ge, Sn) with one fewer valence electron.
II. AB INITIO CALCULATION DETAILS
Ground-state electronic structure and magnetic property calculations have been carried out using plane-wave density functional theory as implemented in Quantum Espresso. 41 We have used the Rappe-Rabe-Kaxiras-Joannopoulos ultrasoft (RRKJUS) pseudoptentials for the semi-local PerdewBurke-Ernzerhof (PBE) generalized gradient approximation (GGA) 42 together with the VdW-D2. 43 GGA+D2 (hereafter DFT-D2) wass chosen as an electronic properties reference because of the overall improvement of the GGA over the LDA 44 for the description of in-plane covalent bonds, and the interlayer binding captured by the longer ranged D2 correction. 45 We have also carried out calculations using GGA+D2+U (hereafter referred to as DFT-D2+U), using U=4 eV. Some larger values of U were used for a few specific cases involving Co and Ni metals to obtain magnetic ground states. The structures were optimized until the forces on each atom reached 10 −5 Ry/a.u. The self-consistency convergence for total energies was set to 10 −10 Ry. The momentum space integrals for rectangular unit cells were performed using a regularly spaced 4×8×1 k-point sampling density, and the plane wave energy cutoff was set to 60 Ry. The out-of-plane vertical size of the periodic supercell was chosen to be 25 Å, which left a vacuum spacing of more than 10 Å between the two-dimensional layers. , and 7 eV respectively in order to obtain a magnetic groundstate. Energy differences are not shown for cases in which metastable magnetic solutions could not be obtained.
III. STRUCTURAL AND MAGNETIC PROPERTIES
The MAX 3 transition metal trichalcogenide layers consist of 3d transition metals M= (V, Cr, Mn, Fe, Co, Ni) anchored by (A 2 X 6 ) 6− bipyramid ions with X = (S, Se, Te) and A = (Si, Ge, Sn). The 12 electrons taken by the six chalcogen atoms per unit cell are partly compensated by the 6 electrons provided by the sp 3 bonds with the bridge A atoms, leaving a final 6− valence state for the anionic enclosure. The triangu- lar lattice of bipyramids provides enclosures for the transition metal atoms, forming a structure that is practically identical to that of MPX 3 compounds enclosed by (P 2 X 6 ) 4− bipyramids. (See Fig. 1 for a schematic illustration of the single layer unit cell ) The main difference is that the A atoms have one fewer electron compared to P atoms, yielding compounds with larger nominal metal cation valences 3+ rather than 2+ in the MPX 3 compounds. The interaction between the metal cations with both the chalcogen X and the bridge A atoms will determine the magnetic moment that usually concentrates at the metal atom sites. In our calculations all the 2D MAX 3 crystals we considered are magnetically ordered within DFT-D2 except for CoAX 3 , NiGeS 3 and NiSnX 3 . These are magnetic only within DFT-D2+U (See Fig. 2 for an illustration of the trends in magnetic condensation energy, i.e. in the energy gained by forming magnetically ordered states.). In the following we present an analysis of the structural, magnetic and electronic properties of representative 3d transition metal MAX 3 trichalcogenides, emphasizing their dependence on the chalcogen element (Si, Ge, Sn) and their underlying electronic band structures.
A. Structural properties
In their bulk form the MAX 3 single layers are ABC-stacked and are held together mainly by van der Waals forces 17 . Although the atomic structures of the single layer transition metal trichalcogenide crystals are similar to truncated bulk structures, small changes do appear due to the absence of the interlayer coupling and distortions in the ground-state crystal geometries are correlated with the magnetic phase 40 . The analysis of magnetic properties is simplified by the fact that the magnetic moments develop almost entirely at the metal atom sites. We have optimized the MAX 3 single layer lattice structures using the rectangular unit cell shown in Fig. 1 which is characterized by the values of the in-plane lattice constants a and b. We define the layer thickness c as the distance between the chalcogen atoms between the top and bottom layer in a MAX 3 monolayer. The relaxed in-plane lattice parameters and layer thickness of the rectangular unit cells, as obtained using DFT-D2 (See Tables in Supplemental  Material 46 ), are found to increase for larger chalcogen atoms for given A (Si, Ge and Sn) atoms. In general the calculated self-consistent lattice constants depend on the magnetic ordering, The variation is substantial for the transition metals V, Cr, Mn, Fe for all combinations of A (Si, Ge, Sn) and chalcogens S, Se, Te, up to 10% for in-plane lattice constants and up to 20% for the layer thickness. For compounds with Co and Ni the lattice distortions are much smaller, see Fig. 10 . As a rule of thumb we can see that the magnitude in the distortion of the bonds is roughly proportional to the total energy differences represented in Fig. 2 and therefore they are largest when we compare magnetic and non-magnetic phases. We have also optimized all the structures in the presence of local electron repulsion introduced through Hubbard U i.e. DFT-D2+U. This contribution leads to total energy differences between magnetic and non-magnetic phases that are roughly doubled (see Fig. 2 ) within DFT-D2+U when compared to DFT-D2, and this difference is reflected in the increase of the lattice distortions. The relative difference of the lattice parameters between DFT-D2-U and DFT-D2 geometries are comparable to the difference between magnetic and non-magnetic phases within the same DFT approximation, see Fig. 10 and Fig. 1 in the Supplemental Materials. From this observation we can expect that the short-range correlations of the transition metal atoms can substantially modify the energetics of the groundstate magnetic configurations.
B. Magnetic properties
The magnetic ground-state and meta-stable magnetic configurations are obtained by identifying energy extremas via converged self-consistency initiated using initial conditions corresponding to Néel antiferromagnetic (nAFM), zigzag antiferromagnetic (zAFM), stripy aniferromagnetic (sAFM), ferromagnetic (FM), and nonmagnetic (NM) states. The calculations we have carried out for single layer MAX 3 compounds confirm that the magnetic moments develop mainly at the metal atom sites, with significant net spin polarization induced on group IV and chalcogen atoms only in the ferromagnetic configuration case. The late 3d transition metal elements Cr, Mn, Fe, Co and Ni stand out in the periodic table as elements that tend to order magnetically. The bonding arrangements of particular compounds can however enhance or suppress magnetism. In 2D MAX 3 crystals, transition metal ions are contained within trichalcogenide bipyramidal cages, and have weak direct hybridization with other transition metal atoms. The exchange interactions between the metal atoms are therefore mainly mediated by indirect exchange through the intermediate chalcogen and A atoms. Magnetic interactions can be extracted from ab initio electronic structure calculations by comparing the total energies of antiferromagnetic, ferromagnetic, and nonmagnetic phases in V, Cr, Mn, Fe, Co, Ni based compounds as shown in Fig. 2 . The total energy values in the data set used to construct the magnetic interaction model are gathered in Table. I of the Supplemental Material 46 , where we find that magnetic phases are normally favored over the NM phase. Exceptions to this rule are that DFT-D2 predicts non-magnetic phases for CoAX 3 , NiGeS 3 and NiSnX 3 . These compounds do develop magnetic solutions when we use a sufficiently large onsite repulsion parameter U within DFT-D2+U. We have generally used the U=4 eV value to assess the role of onsite Coulomb repulsion on the magnetic ground state energies, and used larger values (U=5 eV for CoGeTe 3 , CoSnTe 3 , U=6 eV for CoGeSe 3 , CoSnSe 3 , and U=7 eV for CoSnS 3 ) to obtain magnetic solutions when they did not appear for U=4 eV. Our DFT calculations predict that the Ni based trichalcogenides are magnetic only for some of the considered spin configurations. For instance NiGeS 3 and NiSnX 3 are non-magnetic within DFT-D2, and zAFM and sAFM phases are missing in NiSiX 3 and NiGeSe 3 , and NiGeTe 3 has only ferromagnetic ordering. Within DFT-D2+U it is possible to obtain both FM and nAFM for NiGeTe 3 , and FM only for NiSnTe 3 .
The magnetic anisotropy energy estimates that we obtained from non-collinear magnetization calculations are 616, 750 and 1166 µeV per formula unit for ferromagnetic order in the compounds CrSiS 3 , CrSiSe 3 and CrSiTe 3 , with magnetization favored perpendicular to the plane. Assuming that in general these compounds will have a well defined anisotropy axis we make use of the Ising model for the spin-Hamiltonian to obtain an upper bound for the T c values. The critical temperature estimate would be lower when we use a Heisenberg model with weak anisotropy.
Using the fact that the magnetic moments are mostly concentrated at the metal atom sites we can map the total energies to an effective classical spin Hamiltonian on a honeycomb lattice:
where J i j are the exchange coupling parameters between two local spins, S i is the total spin magnetic moment of the atomic site i, and the prefactor 1/2 accounts for double-counting. By calculating the three independent total energy differences between the four magnetic configurations 22, 39, 47 illustrated in Fig. 4 , namely the ferromagnetic (FM), Néel (nAFM), zigzag AFM (zAFM), and stripy AFM (sAFM) configurations, and assuming that the magnetic interactions are relatively short ranged, we can extract the nearest neighbor (J 1 ), second neighbor (J 2 ), and third neighbor (J 3 ) coupling constants: 22, 40 
where S A/B is the average spin magnetic moment on the honeycomb sublattice. The average magnetic moment S = S A/B at each lattice site obtained within DFT-D2 and DFT-D2+U are listed in The plotted band structures were calculated using the triangular structural unit cell, except for the cases of sAFM and zAFM that have a larger periodicity in the magnetic structure. There we used a triangular unit cell with doubled lattice constant. The bands are violet for AFM configurations, violet and orange for the up and down split spin bands in the FM configurations, and green for the NM phases.
electrons responsible fo the 2µ B . The magnetization increases as we move to the right in the periodic table until it saturates for Mn with the maximum of five unpaired 3d electrons. We notice that the sudden drop in magnetization for Fe down to one Bohr magneton may be attributed to changes in the 4s and 3d energy level ordering such that three out of the four unpaired 3d valence electrons are used for the bonds with the enclosure. Single-layer magnetic ordering temperatures T c were estimated by running Monte Carlo simulations of the threecoupling-constant Ising models using the Metropolis algorithm in lattice sizes of up to N=32×64 with periodic boundary conditions [48] [49] [50] calculating the heat capacity C = kβ 2 E 2 − E 2 as a function of temperature and identified its diverging point as the Neel and Curie temperatures. This value can be considered as an upper bound for a Heisenberg model with strong anisotropy. See the Supplemental Material 46 for plots of representative results for the temperature dependent heat capacity. The calculated average values of the magnetic moments vary widely from compound to compound (See Table I ), while the magnitudes of the magnetic moments at the metal atoms generally have relatively small differences (between 3%∼10%) between different magnetic configurations of the same compound. The largest variations within a compound were found in FeSnX 3 and NiSnX 3 . Within the DFT-D2 approximation we find that the magnetic moments in 2D MAX 3 develop almost entirely at the metal atom sites while the use of on-site U introduces an enhancement of the spin polarization at non-metal atom sites. Variation of moment from configuration to configuration within a compound is an indication that the system is less accurately described by a local moment model.
C. Band structure and density of states
Understanding the electronic properties is an essential stepping stone to seek spintronics device integrations based on MAX 3 magnetic 2D materials. Specifically, it is desirable to understand how the electronic structure depends on the type of magnetic phase in order to seek ways to couple charge and spin degrees of freedom. It is found that the MAX 3 class of materials includes almost all of the behaviors studied in current spintronics research, including both antiferromagnets and ferromagnets, and a variety of electrical properties including metals, semi-metals, half-metals and semiconductors. We have classified as semi-metallic those states with vanishingly small gaps or small density of states (DOS) near the Fermi energy from inspection of the electronic structure. The electronic band structures corresponding to the ground state configurations are represented in Fig. 11 and the respective DOS are in Fig. 12 . The band structures are plotted using a triangular unit cell around one of the K valleys, at times doubling the cell size to allow for longer period magnetic configurations. The DOS for all magnetic (FM, nAFM, zAFM and sAFM) and non-magnetic phases within DFT-D2 and DFT-D2+U can be found in the Supplemental Material 46 . The analysis of the orbital projected partial density of states in the Supplemental Material 46 for the MAX 3 compounds reveals that the conduction band edges have an important contribution from the d orbitals of metal atoms, as well as s and p orbitals of the A atom for the valence band edges. From the difference in the associated density of states between DFT+D2 and DFT+D2+U we notice the strong sensitivity of the electronic structure to the choice of electron-electron interaction model.
As expected, most of the AFM cofigurations are found to be semiconductors while semi-metallic and metallic solutions are also found for select spin configurations in V and Cr tellurides, in two instances of Mn sulfides, and in several Fe based compounds, see Fig. 11 . As a general trend, we notice that both AFM as well as NM band gaps reduce when the chalcogen's atomic number increases from S to Te. The FM configurations are generally metallic, with half metallic solutions for VSiTe 3 , MnSiSe 3 , FeSnS 3 , NiSiSe 3 , and are semiconducting for CrGeTe 3 , FeSnS 3 , FeSnTe 3 . We notice that the addition of U switches some of the metallic FM solutions into half-metals, and it leads to semiconducting FM solutions for CrSnS 3 , CrSnSe 3 and CoSnS 3 . Most of the Co based compounds predict NM states with a semiconducting gap, while the few NM states of Ni based compounds are found to be metallic. We notice that the magnitude of the band gaps in AFM, FM and NM states do not experience notable changes between DFT-D2 and DFT-D2+U, as illustrated in Table VI . However, the corresponding density of states (DOS), plotted in Fig. 12 , shows the strong influence on the ground-state electronic structure when Coulomb correlations are included. This suggests that the physics of MAX 3 compounds can be dominated by correlation effects and modeling will be most successful when we rely on effective models that feed from experimental input or high level ab initio calculations. The orbital content of the valence and conduction band edges that are most relevant for studies of carrier-density dependent magnetic properties can be extracted from the orbital projected partial density of states (PDOS). Depending on the specific material composition and the magnetic configuration, the valence and conduction band edge orbitals can be dominated by metal, non-metal or chalcogen atoms.
IV. TUNABILITY OF MAGNETIC PROPERTIES
As we reported in the case of MPX 3 , 40 the two dimensional magnetic materials are of interest primarily because of the prospect that their properties might be more effectively altered by tuning parameters controllable in situ. Two potentially important control knobs that can be exploited experimentally in two-dimensional-material based nano-devices are carrierdensity and strain. The dependence of magnetic properties on carrier density is particularly interesting because it provides a convenient route for electrical manipulation of magnetic properties in electronic devices. In this section we explore the possibility of tailoring the electronic and magnetic properties of MAX 3 ultrathin layers by adjusting carrier density or by subjecting the MAX 3 layers to external strains.
A. Field-effect modification of magnetic properties
The possibility of modifying the magnetic properties of a material simply by applying a gate voltage offers advantages over magnetic-field mediated information writing in magnetic media such as the higher density storage and enhanced information access speed. Electric field control of magnetic order has been demonstrated in ferromagnetic semiconductors and metal films through carrier density or Fermi level dependent variation of magnetic exchange or magnetic anisotropy. [51] [52] [53] The gate voltage control of magnetism in 2D materials would allow control over magnetically stored information at negligible energy cost.
A schematic illustration for a field effect transistor device where magnetic order is modified through a carrier inducing backgate is shown in Fig. 7 , where we also summarize the theoretically predicted trends for the competition between AFM and FM states for 2D MAX 3 compounds that we have considered. In our calculations we have obtained the variation of the total energy differences between magnetic configurations as a function of carrier density neglecting the possible role of charge polarization within a MAX 3 layer induced by the external fields. We find that when the ground state is in the AFM phase, generally transitions to FM phases can be achieved by adding sufficiently large electron or hole carrier densities. The origin of this trend can be understood based on energetic considerations when FM phases are gapless or have smaller gaps than the AFM phases. 40 If we denote by
FM the difference between the gap in the AFM and the FM phases, it follows that the energy difference per area unit between AFM and FM phases δ E ≡ E AFM −E FM is given at low carrier densities by where +δ n is the carrier density of n-type samples, and −δ n is the carrier density of p-type samples, δ E 0 is the energy difference per area unit between AFM and FM phases in neutral MAX 3 sheets, and δ µ is the difference between the mid-gap energy of the AFM semiconductors and the chemical potential of the ferromagnetic metals or semiconductors. Introducing ncarriers is most effective in driving a transition from AFM to FM phases when δ µ is positive, while introducing p-carriers is most effective when δ µ is negative.
The total DOS corresponding to FM and AFM phases in the presence of carrier doping is illustrated for CrSiTe 3 in Fig. 8(a) as a specific example. A detailed breakdown of the projected density of states at each atomic site can be found in the Supplemental Material 46 .
Because the energy difference per formula unit between FM and AFM phases is much smaller than the energy gap, a transition between them can be driven by carrier density changes per formula unit that are much smaller than one, especially so when δ µ plays a favorable role. In particular we see in Fig. 7 3 , have not shown any transition within the selected range of electron or hole carrier density. Carrier density changes of this magnitude can be achieved by ionic liquid or gel gating, or through interfaces with ferroelectric materials. Since this size of carrier density is sufficient to completely change the character of the magnetic order, we can expect substantial changes in magnetic energy landscapes and their stability at much smaller carrier densities.
Our calculations therefore motivate efforts to find materials which can be used to establish good electrical contacts to MAX 3 compounds to facilitate either n or p carrier doping by aligning their fermi levels towards the conduction or valence bands. For compounds whose ground-states are FM at charge neutrality we find that the transitions to the AFM phase can be achieved for n-doping in VSiTe 3 , VSnTe 3 , MnSiSe 3 
B. Strain-tunable magnetic properties
The flexible membrane-like behavior of 2D-materials can be used to tailor their electronic structure by means of strains. Examples of strain induced electronic structure modification in 2D materials discussed in the literature include the observation of Landau-level like density of states near high curvature graphene bubbles 54 , or the commensuration moiré strains that open up a band gap at the primary Dirac point in nearly aligned graphene on hexagonal boron nitride [55] [56] [57] . Noting that strains can play an important role in configuring the electronic structure we calculate the total energies for different magnetic phases in 2D MAX 3 materials in the presence of expansive 13 a. or compressive in-plane biaxial strains that we model by uniformly scaling the rectangular unit cell described in Fig. 1 . The uniform biaxial strains lead to modifications in the magnetic phase energy differences E AFM − E FM that can trigger phase transitions for strains as small as 2-4% in certain cases, while much larger strain fields are required in general. In the following we list the five different types of strain-induced effects expected in charge neutral MAX 3 compounds: • AFM to FM (expansion): Conversely for expansive strains we find transitions in vanadium based VGeS 3 (∼12%), VSnSe 3 (∼2%) chromium based CrSiTe 3 (∼2%), CrSnSe 3 (8%), manganese based MnSiTe 3 (∼6%), and iron based FeSnSe 3 (4%).
• FM to AFM (compression): Transitions are seen for compressive strains (%) in vanadium based VSiTe 3 (∼1%), VSnTe 3 (∼1%), nickel based NiSiSe 3 (4%), NiSiTe 3 (4%), and chromium based CrGeTe 3 (∼2%), CrSnTe 3 (∼2%).
• FM to AFM (expansion): Transitions for expansive strains (%) are found for manganese based MnSiSe 3 (∼1%), MnSnTe 3 (4%), iron based FeSiS 3 (4%), and nickel based NiSiSe 3 (4%), NiSiTe 3 (4%).
An example about the DOS evolution as a function of strain is shown in Fig. 8 (b) for charge neutral CrSiTe 3 monolayer subjected to −4% (compressive) and 4% (expansive) strains in the FM and zAFM phases. The expansion strains are found to have a small effect in both the FM and zAFM phases of CrSiTe 3 but compressive strains of 4% lead to a closure of the FM-CrSiTe 3 band gap turning it into a semi-metal with finite density of states at the Fermi level. As mentioned earlier, from the projected density of states analysis in the Supplemental Material 46 we can observe a relatively large content of Cr-d and Si-s, p orbitals at the bands near the Fermi energy.
The Fig. 8(c) shows that the T c can be substantially enhanced when the device is subject to carrier density variations or to strains. For monolayer CrSiTe 3 we showed that the T c increased from 16K to almost 700K for carrier densities of 0.2 electrons (holes) per CrSiTe 3 , while in the presence of strains they enhanced to 476K (4% compression) and 104K (4% expansion).
V. SUMMARY AND DISCUSSION
In this paper we have carried out an ab initio study of the MAX 3 transition metal trichalcogenide class of twodimensional materials considering different combinations of 3d metal (M = V, Cr, Mn, Fe, Co, Ni), group IV (A = Si, Ge, Sn) and chalcogen (X = S, Se, Te) atoms in an effort to make an exhaustive search for magnetic 2D materials useful for spintronics applications. Our calculations suggest that magnetic phases are common in the single-layer limit of these van der Waals materials, and that the configuration of the magnetic phase depends sensitively on the transition metal/chalcogen element combination.
We find that semiconducting antiferromagnetic (AFM) phases are the most common ground state configurations and appear in Néel, zigzag, or stripy configurations. The ferromagnetic (FM) phases are predominantly metallic although semiconducting band structures are found for several compounds, while the non-magnetic (NM) phases exist for both metallic and semiconducting states. In compounds with larger chalcogen atoms we have relatively smaller band gaps in the AFM phases and smaller ground state energy differences between the FM and AFM phases. Compounds such as CoAX 3 and NiAX 3 are found to be non-magnetic within DFT-D2, although they can stabilize magnetic phases unpon inclusion of a sufficiently large U at the metal atom sites.
The electronic structures predicted by density functional theory for these materials are sensitive to the choice of the Coulomb interaction model as manifested in the substantial differences in predicted DOS between the standard semilocal DFT-D2, and calculations including a local U correction. Since the exchange interactions in the AFM phase are expected to vary inversely with the band gap the approximations that underestimate the gap will overestimate the interaction strengths. This sensitivity of the optimized ground-state results to the choice of the DFT approximation scheme which can alter the strength and range of the exchange interaction makes it desirable to benchmark the results against experiment in order to establish theoretical models upon which we can make further predictions of material's properties. We have found a variety of different stable and meta-stable magnetic configurations in single layer MAX 3 compounds. The critical temperatures for the magnetic phases in the single layer limit are expected to be lower than in the bulk due to the reduction in the number of close neighbor exchange interactions. We analyzed the magnetic phases of the 2D MAX 3 compounds by building a model Hamiltonian with exchange coupling parameters extracted by mapping the total energies from our ab initio calculations onto an effective classical spin model and obtained the critical temperatures through a statistical analysis based on the Metropolis algorithm 49 . The calculated critical temperatures assumed an Ising model that provides an upper bound for the expected critical temperatures and were found to vary widely ranging between a few tens to a few hundred Kelvin.
Control of magnetic phases by varying the electric field in a field effect transistor device is a particularly appealing strategy for 2D magnetic materials. Our calculations indicate that a transition between AFM and FM phases can be achieved by inducing carrier densities in 2D MAX 3 compounds which are effectively injected through field effects using high κ-dielectrics, using ionic liquids, or by interfacing with ferroelectric materials. For materials exhibiting magnetic phases we find that use of the heavier chalcogen Te atoms can reduce the carrier densities required for magnetic transitions.
The interdependence between atomic and electronic structure suggest that strains can be employed to tune magnetic phases, and they can be used to facilitate switching the magnetic configurations when they are combined together with carrier density variations. We have found that the ground state magnetic configuration can undergo phase transitions driven by in-plane compression or expansion of the lattice constants as small as a few percents in certain cases.
Based on our calculations, we conclude that single layer MAX 3 transition metal trichalcogenides are interesting candidate materials for 2D spintronics. Their properties, including their magnetic transition temperatures, can be adjusted by the application of external strains or by modifying the carrier densities in field effect transistor devices. For monolayer CrSiTe 3 we showed in Fig. 8(c) that the T c values can undergo an order of magnitude enhancement when subject to large carrier doping or in the presence of compressive or expansive strains. The sensitivity of these systems to variations in system parameters, such as composition, details of the interface, and the exchange coupling of the magnetic properties with external fields, offers ample room for future research that seek new functionalities in magnetic 2D materials.
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We are thankful to the assistance from and computational resources provided by the Texas Advanced Computing Centre (TACC). We acknowledge financial support from NRF-2017R1D1A1B03035932 for BLC, the 2017 Research Fund of the University of Seoul for JJ, NRF-2014R1A2A2A01006776 for EHH, DOE BES Award SC0012670, and Welch Foundation grant TBF1473 for AHM. 3 structures, the three nearest neighbor exchange coupling strengths J i in meV implied by the Heisenberg model mapping, and Monte Carlo estimates of the single-layer critical temperatures based on the Ising limit of the classical spin model motivated by the perpendicular anisotorpy of these materials. The critical temperature is identified from the maximum in the derivative of magnetization with respect to temperature. The Ising limit approximation for the calculation of the T c is used as an upper bound for the Heisenberg models with magnetic anisotropy. The ab initio calculations were performed within DFT-D2 and DFT-D2+U. In the cases of CoATe 3 , CoASe 3 (A=Ge, Sn), and CoSnS 3 the U parameter values are 5, 6 and 7 eV, respectively.
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Supplemental Material
In this supplement we present calculation results obtained within DFT-D2+U for the results discussed in the main text within DFT-D2. These comprise the total energy difference, lattice constants, the J-Coupling parameters the magnetic moments, transition temperatures, band structures, the associated density of states and the orbital projected density of states (PDOS) for selected compounds calculated for selfconsistently for a different magnetic configurations. We generally use the finite onsite repulsion U=4 eV and larger values for a few select compounds. The temperature dependence of the heat capacity is obtained through the Metropolis Monte Carlo simulation in a 32×64 lattice. III: Total energy relative to the lowest energy magnetic configuration among ferromagnetic (FM), Neel antiferromagnetic (nAFM), Zigzagl antiferromagnetic (zAFM), Stripy antiferromagnetic (sAFM) and non-magnetic (NM) states in single layer transition metal trichalcogenide MSiX 3 . The absence of an entry for a magnetic configuration means that the corresponding state is not metastable. Energies are in eV/unit cell units within DFT-D2 and DFT-D2+U(=4eV). In the cases of CoASe 3 and CoATe 3 (A=Ge, Sn), the U parameter values are 6 and 5 eV, respectively. In the case of CoSnS 3 the U parameter is 7eV.
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DFT The plotted band structures were calculated using the triangular structural unit cell, except for the cases of sAFM and zAFM, which are predicted to have a larger periodicity magnetic structure for which we used a triangular unit cell with doubled lattice constant. The bands are violet for AFM configurations, violet and orange for the down and up split spin bands in the FM configurations, and green for the NM phases. The plotted DOS were calculated using the triangular structural unit cell, except for the cases of sAFM and zAFM, which are predicted to have a larger periodicity magnetic structure that has triangular unit cell with a doubled lattice constant. The state are grey for AFM configurations, red for states in the FM configurations, and green for the NM phases. The theoretical two dimensional lattice parameters for transition metal trichalcogenide MAX 3 compounds. These results were obtained using DFT-D2 and are expressed in ; a is the in-plane lattice constant and c is the layer thickness, i..e it is the distance between the planes containing the three chalcogen atoms in a single MAX 3 layer. 
The theoretical two dimensional lattice parameters for transition metal trichalcogenide MAX 3 compounds. These results were obtained using DFT-D2+U (=4eV) and are expressed in ; a and b are the in-plane lattice constants and c is the layer thickness, i..e it is the distance between the planes containing the three chalcogen atoms in a single MAX 3 layer. In the cases of CoASe 3 and CoATe 3 (A=Ge, Sn), the U parameter value is 6 and 5 eV, respectively. In the case of CoSnS 3 the U parameter is 7eV. 16, 32) superlattice for the effective Ising model, calculated using three nearest neighbour J-parameters obtained from the DFT-D2+U (=4eV) total energies. In the cases of CoASe 3 and CoATe 3 (A=Ge, Sn), the U parameter value is 6 and 5 eV, respectively. In the case of CoSnS 3 the U parameter is 7eV. The transition temperature is estimated from the maximum in the curve. 
